Thin films containing silver nanoparticles homogeneously dispersed, with narrow size distribution below 10 nm, were synthesized on flat glass surface, by using an ionic silsesquioxane as stabilizer and crosslinking agent. The films can be prepared without previous functionalization of substrate surfaces and without addition of other components. The films were heat treated up to 200 ºC and characterized by ultraviolet-visible, transmission electron microscopy, atomic force microscopy, thermogravimetric analysis and ellipsometry. The films were thermally stable when heated up to 200 ºC, presenting the same thickness, and maintaining both optical and morphological properties of silver nanoparticles. The antibacterial activity of the films, containing the silver nanoparticles, was evaluated against Staphylococcus aureus by using the film applicator coating method, showing an excellent performance even after the third cycle of sterilization.
Introduction
In the last decade, thin films containing metal nanoparticles have been used as catalysts, [1] [2] [3] [4] [5] antimicrobial coatings [5] [6] [7] [8] [9] [10] [11] [12] as well as optical, 1,13-15 electrochemical, [16] [17] [18] and photovoltaic devices. [19] [20] [21] These applications are possible due to the metal nanoparticles small size, which imparts unique properties such as absorption plasmon resonance band and high surface area. [22] [23] [24] Several forms for the preparation of metal nanoparticles films on solid substrates were already reported, such as, vapor-deposition methods, 8, 25, 26 sol-gel deposition of metal ions followed by thermal treatment [4] [5] [6] [27] [28] [29] [30] and also, the deposition of metal nanoparticles from colloidal dispersions. 10, 14, [31] [32] [33] [34] The common substrate has been glass, but the poor adhesion of metal nanoparticles to glass frequently results in system instability under immersion or under thermal treatment, 33, 35 characterized by morphological changes and particle coalescence. The thermal treatment, which is necessary to obtain or to fix the metal nanoparticles on the glass surfaces, can cause changes in the properties of the films. [27] [28] [29] [30] [31] 35, 36 Each method has its own merits, but the colloidal deposition provides the possibility of using a diversity of nanoparticles sizes and shapes. In order to control the size and shape of the metal nanoparticles and overcome their thermodynamic instability, which leads to the formation of agglomerates, it is necessary the use of stabilizing agents. 24, 37 The more common stabilizers are ionic liquids, soluble polymers, dendrimers and surfactants. 24, 33, [37] [38] [39] Although the stabilizers provide homogeneous liquid dispersion, which is essential for the film preparation, they do not contribute to the metal nanoparticles adhesion to the substrate surfaces. In this context, in most of the flat film preparation methods it is necessary the use of additional chemical procedures to promote the adhesion of the metal nanoparticles to the surfaces by crosslinking or previous surface functionalization, using linking agents such as silicon and titanium alkoxides [4] [5] [6] [27] [28] [29] or organosilanes. 9, 14, [30] [31] [32] [33] 35 These agents form polymeric networks on the surfaces enabling the adhesion of nanoparticles. 27, 28, 31 However, some subjects deserve more studies, such as, the decrease in metal nanoparticles concentration on the surface, due to the barrier produced by the crosslinking agents and also by the interactions of the metal nanoparticles with the substrate, which is caused by the thermal treatment. 5, 29, 31, 33 Additionally, the thermal treatment can promote the partial metal oxidation. [27] [28] [29] These effects produce morphological and chemical changes in the film properties.
Thin silver nanoparticle films are particularly important due to the inherent properties of silver, such as the good inhibitory and antimicrobial efficacy gainst a significant number of bacteria, viruses and yeasts, without producing microbial resistance. [40] [41] [42] [43] [44] Antimicrobial properties of silver in the form of ions, nanoparticles or composite nanodevices based on thin Ag films have been widely reported. [5] [6] [7] [8] [9] [10] Besides the antibacterial properties, the biocompatibility and cytotoxicity of such materials have to be considered too. 45, 46 Recently, it was reported that ionic silsesquioxanes could be used as metal nanoparticle stabilizers. 47 These hybrid organic-inorganic materials have as organic moiety an ionic group such as quaternary ammonium group. Due to the presence of the ionic organic group, these materials exhibit appreciable solubility in water. 48, 49 Therefore, in the same way of ionic liquids, they can be used as metal nanoparticle stabilizers. 47, 50 However, compared to the ionic liquids, the metal nanoparticle/ionic silsesquioxane systems present advantages, since they can be evaporated, transformed into solid form, stored and completely re-dispersed in water, without any changes in the optical and morphological properties of the metal nanoparticles. 47 Therefore, these systems open the possibility to reusing them as a source of metal nanoparticles in the preparation of new materials. 47, 50 Additionally, the ionic silsesquioxanes have also the inorganic silica component, which contains polymerizable silanol groups, allowing the possibility of obtaining hybrid materials with varied organic/inorganic content, 48, 51, 52 as well as, enabling to obtain covalently attached silsesquioxane films on silica or other inorganic matrix surfaces. [53] [54] [55] In a recent report, it was demonstrated that ionic silsesquioxane/silver nanoparticle system shows excellent antibacterial activity and low cytotoxicity, in aqueous medium. 56 The high antibacterial activity was interpreted considering the synergic effect of the ammonium quaternary groups and silver nanoparticles. Therefore, with these combined characteristics, the ionic silsesquioxanes became promising for the preparation of strongly adhered films that contain metal nanoparticles onto inorganic surfaces, to be applied as antibacterial coatings.
In this work, the ionic silsesquioxane containing the 1,4-diazoniabicyclo[2.2.2]octane nitrate group was prepared. This ionic silsesquioxane was used as stabilizer of silver nanoparticles in aqueous medium. The system metal nanoparticle/ionic silsesquioxane was employed for the first time to obtain thin films of silver nanoparticles onto flat glass surfaces. The films were heat-treated at several temperatures and they were characterized by ultravioletvisible (UV-Vis) spectroscopy, transmission electron microscopy (TEM), atomic force microscopy (ATM), thermogravimetric analysis (TGA), spectral ellipsometry and antibacterial activity against Staphylococcus aureus. Methanol and hydrofluoric acid were obtained from Merck. Formamide, silver nitrate and sodium borohydride were acquired from Vetec and sodium nitrate was purchased from Neon. Broth for bacteria growth was purchased from Merck. All chemicals employed were of analytical grade and used as received without any further purification.
Experimental

Synthesis of ionic silsesquioxane
The ionic silsesquioxane that contains the double charge 1,4-diazoniabicyclo[2.2.2]octane nitrate group was synthesized according to previous reports. 57 Briefly, 5.605 g of DABCO (30 mmol) were dissolved in 40 mL of N,N-dimethylformamide, under argon atmosphere. After that, 11.4 mL of CPTMS (60 mmol) were added. The mixture was heated at 75 °C, upon stirring for 72 h, under inert atmosphere, until a white solid was formed. Then, the formed solid product was washed with methanol and dried for 2 h at 70 °C, and after that, the white solid was dissolved in 40 mL of formamide, under constant stirring at 70 °C, and 0.8 mL of water with five drops of hydrofluoric acid were added. The mixture was stored for gelation and evaporation of solvent at 40 °C, to obtain the ionic 1,4-diazoniabicyclo[2.2.2]octane chloride silsesquioxane. In order to obtain the ionic silsesquioxane with nitrate as counter ion, it was performed an ion exchange process, where chloride was replaced by nitrate. The ion exchange process was carried out using cold NaNO 3 . The silver nanoparticles stabilized by the ionic silsesquioxane were hereafter called as AgNP. For comparison a reference solution, without metal precursor addition, was also prepared and it was designated as blank.
Deposition of silver nanoparticles films onto glass slide surfaces (AgNP films)
The glass slides (2.6 × 7.6 cm) were pretreated by immersion into NaOH 1 mol L -1 for 3 h at 65 °C, followed by immersion into HCl 1 mol L -1 for 1 h, in ultrasound bath, at room temperature. After that, the glass slides were dried under a N 2 stream. The AgNP films were obtained onto pretreated glass substrates by using the dip-coating technique. The substrates were exposed to 20 dips in AgNP aqueous dispersion, with velocity of 2.7 mm s -1 and interval of 32 min between each dip. Afterwards, the glass slides were submitted to thermal treatment in air employing an oven at different temperatures: 80, 140, 170 and 200 °C for 1 h.
Characterization X-ray diffraction
The measurement of the dried AgNP dispersion was carried out by Siemens diffractometer model D500 using CuKα as X-ray source (λ = 0.154056 nm) at a generator voltage of 40 kV and a generator current of 17.5 mA.
UV-Vis analysis
The spectrum of AgNP aqueous dispersion was carried out at room temperature using a UV-160 1PC Shimadzu spectrophotometer and distilled water was used as reference. For the solid samples (thin films), a double beam spectrophotometer Agilent CARY 5000 was used to perform measurements of the total light reflectance (%R) and transmittance (%T) using an integrate sphere accessory (wavelength range of 350-800 nm). The percentage of light absorbed (%Abs) by the AgNP films and blank was calculated using the expression:
The absorbance due to only silver nanoparticles was obtained by the following expression: %Abs silver nanoparticles = %Abs (AgNP film) -%Abs (blank)
Transmission electron microscopy
Images of AgNP dispersion and AgNP films were recorded using a JEOL JEM-1220 microscope, operated at an acceleration voltage of 80 kV. The samples were prepared by placing two drops of aqueous AgNP dispersion onto carbon-coated Cu grid, and for the films, it was placed two drops of AgNP film fragments dispersed in isopropanol onto a carbon-coated Cu grid, followed by drying at ambient conditions. The size distribution of the silver nanoparticles was determined using the Quantikov software.
Atomic force microscopy (AFM)
The surface morphology of films was obtained using an Agilent Technologies model 5500 SPM in acoustic mode. The used tips were of silicon (10 nm of diameter vertex) with a nominal spring constant of 40 N m -1 , resonance frequency of 142 kHz. The ratio between the amplitude of free oscillation and the amplitude maintained for one scan was kept constant near 50%, minimizing the effects of adhesion and maximizing the effects of viscoelasticity. To maximize the contribution of changes in the viscoelastic properties the signal (x) was detected at angle θ + 90°. 58 Images of 1 µm × 1 µm were obtained and analyzed by WSxM 6.0 software developed by Nanotec Electronic SL.
Spectral ellipsometry
Ellipsometry is a powerful technique to investigate optical properties of bulk materials and thin films. 53 The technique performs the analysis of the light polarization state after the interaction of light with the sample, usually in reflection, which is related to the optical properties of the material by the fundamental ellipsometry equation:
where ∆ and tan(ψ) are the phase shift and amplitude ratio, respectively, between the p and s polarization components of light. Particularly, in the case of thin films, r p and r s are the Drude reflection coefficients and are dependent of: the angle of incidence (θ) and wavelength (λ) of the light; film Vol. 26, No. 5, 2015 thickness (d) and dispersion curves of air N 0 (λ); substrate Ns(λ) and film Nf(λ). These dispersion curves present the form N(λ) = n f (λ) + ik f (λ), where n f (λ) and k f (λ) are, respectively, the real and imaginary parts of the refractive index. The measurements were performed using a spectral ellipsometer Sopra GES-5E (light wavelength range of 350 to 800 nm and incident angle of 68°) with a special accessory to measure thin films: a set of lenses to focus the incident light beam in a small area at the sample surface and then collecting only the light reflected from the film. The ellipsometer analysis software WinElli was used to determinate the thicknesses of the films through adjusting a dispersion curve model to the experimental data through the equation 3. The model used in this analysis will be discussed in details in the results and discussion section.
Thermogravimetric analysis
The thermal stability of films was performed under nitrogen flow on a TA Instrument system model TGA Q5000, with a heating rate of 10 °C min -1 , from room temperature up to 700 °C. In this analysis, several glass slides were scraped to obtain enough quantity of sample. It was used a blank sample (film without AgNP) for comparison.
Antibacterial activity
The antibacterial activity of the films was assessed against Staphylococcus aureus (S. aureus, ATCC 6538) using the FAC method (film applicator coating). 59 Firstly, the culture was grown in tryptic soy broth (TSB, Merck) at 37 ºC. After 16 h of incubation, S. aureus cells were washed with sterile saline solution (0.9 %) and diluted to reach an optical density (O.D. 600 nm) of 0.180 (ca. 108 colony forming units per mL, CFU mL -1 ). Then, 50 µL of the diluted suspension were applied to the AgNP films and to the control sample (glass slide only). After that, the samples were kept at room temperature in wet boxes for 24 h. Then the bacterial suspensions were transferred separately into eppendorf tubes containing sterile saline solution in order to perform serial dilutions. Subsequently, cells of S. aureus (10 µL) from dilutions were spread evenly on tryptic soy agar (TSA, Merck), and the plates were incubated at 37 °C for 24 h. The viable S. aureus cells were estimated by counting bacterial colonies on the plates. The bactericidal effect was calculated as a percentage of inhibition, which was obtained by the following equation:
Bactericidal ratio = (CFU of control − CFU of AgNp film) / CFU of control (4) In order to evaluate the possibility of reusing the AgNP film, the samples were subjected three times to the experiments of antibacterial activity. Between every antibacterial activity test, the AgNP film and the control sample were cleaned with distilled water and sterilized by dry heating at 170 ºC, for 1 h.
Results and Discussion
The ionic silsesquioxane that contains the double charged 1,4-diazoniabicyclo[2.2.2]octane nitrate group was prepared and its structure is represented in Figure 1 . Due to the presence of charged organic group this material shows appreciable solubility in water, 48, 49, 60 and also it presents the inorganic silica component. These characteristics allow the use of ionic silsesquioxanes as stabilizer of metal nanoparticles in aqueous medium. 47, 50 In recent paper, 56 trying to elucidate the mechanism of metal nanoparticle stabilization by ionic silsesquioxane, it was made zeta potential measurements for this system. For ionic silsesquioxane, without silver nanoparticles, the zeta potential was +8.3 mV, and it was assigned to the presence of quaternary ammonium groups. For the nanoparticles stabilized by ionic silsesquioxane the zeta potential was +24.7 mV, indicating that the nanoparticles have positive charge on surface. Therefore, this charge is able to contribute for an electrostatic stabilization. It was reported that nanoparticles with zeta potential above +25 mV are considered to present highly charged surfaces, however, only above +40 mV they are considered just to be stabilized by electrostatic effects. 61, 62 Therefore, the stabilization should present also a steric component, because the stabilizer is a polymer, a silica based hybrid material, which contains Si-O-Si linkages, as represented in the scheme of Figure 1 .
Another interesting characteristic of the ionic silsesquioxane is the presence of polymerizable silanol groups (Figure 1 ). The silanol groups allow the silsesquioxane to attach covalently onto silica, alumina and glass surfaces. Silver Nanoparticle Thin Films Deposited on Glass Surface Using an Ionic Silsesquioxane J. Braz. Chem. Soc. 1008 This strong affinity of ionic silsesquioxane with inorganic matrix surfaces was already reported for porous materials, and was ascribed to Si−O−Si bonds. 48 Therefore, considering both features, metal nanoparticles stabilization and ability to form coatings, films of silver nanoparticles were obtained on flat glass surfaces by dipping the glass slides in aqueous dispersion of silver nanoparticle stabilized by the ionic silsesquioxane (AgNP). The AgNP films present yellow color and transparency similar to the AgNP aqueous dispersion, which is typical of spherical and well-dispersed silver nanoparticles. 56, 63 The AgNP films were heated at different temperatures in order to evaluate their thermal stability.
The UV-Vis spectra of the AgNP films with heat treatment at different temperatures, as well as for the AgNP aqueous dispersion, are presented in Figure 2 . It is possible to observe a plasmon resonance absorption band with a maximum at 408 nm for the AgNP aqueous dispersion. However, a redshift was observed for the spectra of all AgNP films. The redshift of the maximum absorption band of the films in relation to the aqueous dispersion can be attributed to a higher proximity of silver nanoparticles in the films. The closeness of metal nanoparticles can result in a decrease in the plasmon resonance energy, producing shifts towards longer wavelengths in the spectrum. 64 However, it should be considered additional effects due to the matrix medium, such as density and refraction index, which modify the absorption maxima position, since the silver nanoparticles change from the aqueous dispersion to film medium. It is also possible to observe a second redshift effect with increasing thermal treatment temperature. The plasmon resonance band starts with a maximum at 427 nm for AgNP film at room temperature, shifting until 442 nm for AgNP film heat-treated up to 200 ºC. This trend can be assigned to the increasing size of the metal nanoparticles with the thermal treatment temperature, due to the coalescence mechanism. [33] [34] [35] [36] This subject will be addressed afterwards. It is also observed that the heat treatment produces a decrease in the band intensity, mainly at 170 and 200 ºC. This trend could be interpreted as consequence of the interaction of metal nanoparticles with the glass substrate or also due to the formation of silver oxide, as reported elsewhere. 27, 28, 33 TEM images of the AgNP films and the size distribution curves are presented in Figure 3 . For all temperatures of treatment, it is possible to see silver nanoparticles close to one another, with spherical shape and uniformly dispersed in the films. The average size of metal nanoparticles in AgNP aqueous dispersion was 2.8 nm with a standard deviation of 1. size of nanoparticles and the standard deviation for this film were little bit lower than those of the nanoparticles in aqueous dispersion. This small difference is clearly visible in the Figures 3a and 3b . This result shows that there was a selection process during the film formation, where the larger metal nanoparticles, with size above 5 nm were not incorporated in the film, resulting also in a small decrease in the standard deviation. However, the heat treatment at 170 ºC leads to an increasing in the silver nanoparticles size to 4.8 nm with standard deviation of 1.6 nm. Further thermal treatment up to 200 ºC results in larger average size, 6.7 nm, with standard deviation of 2.4 nm. This metal nanoparticle increase was interpreted by taking into account the coalescence process due to the metal nanoparticles closeness. It is important to point out that even after thermal treatment at 200 ºC, the size of silver nanoparticles remains below 10 nm, where absorption properties are dominant, which is a desirable characteristic for optical devices, enlarging the possibilities of applications. 23 To evaluate the physical thickness of the AgNP films using ellipsometry, it was necessary to modeling correctly their dispersion curves. Thus, the films were considerate homogeneous and isotropic in the ellipsometer analysis software. However, due to the presence of silver nanoparticles, which presents a characteristic and localized absorption peak, the simple dispersion model of Cauchy 65 for dielectric and low absorption films was not sufficient to obtain a correct fitting to experimental data. It was necessary the use of an additional Drude-Lorentz term with the Cauchy model in the dispersion curves n f (λ) and k f (λ), which are related to the real (ε r (λ)) and imaginary (ε i (λ)) dielectric constants from the material, as follow:
where ( 
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where A, B, C, D, E and F are constants, A 0 , E o and γ are, respectively, the amplitude, the central wavelength and width of Lorentz absorption peak. Using the model above, it was possible to fit it to the experimental data with a R 2 > 0.977 for all films (R 2 = 1 means a perfect fitting) and to obtain respective film physical thicknesses, as presented in Figure 4 . As can be seen in this Figure, the film thickness presents a stable value (around 45 nm) during the entirely heat treatment, even after heated up to 200 o C.
The phase contrast images obtained by AFM for AgNP films at room temperature and heated to 200 ºC are shown in Figure 5 together with blank samples. It is possible to observe the existence of bright contrast with darker regions in the images, which are derived from the difference in hardness between the materials contained in the film surface. The lighter regions are related to the presence of a softer material than the dark region. 58 For AgNP film images, dark spots were observed, which can be assigned to the silver nanoparticles. The thermal treatment did not produce significant changes on blank films. On the other hand, in the AgNP films an increasing in the darker spots size was observed after thermal treatment at 200 ºC, in agreement to the TEM images. Additionally, the phase contrast images show that the silver nanoparticles are near to the film surface, and this characteristic is desirable for this material, since the nanoparticles need a direct Topography images of AgNP films, obtained by AFM, are presented in Figure 6 . It is possible to observe that the AgNP film heated to 200 ºC presents roughness higher than the not heat treated AgNP film. The roughness was estimated by RMS (root mean square) using WSxM software. The values found were 10 nm for room temperature AgNP film and 20 nm for AgNP film heat treated to 200 ºC. However, it is important to emphasize that the roughness measurements were obtained in localized points of the film surface, and these results are not in disagreement to the ellipsometry technique, which reflects the thickness of whole film. Figure 7 shows TGA curves of blank and AgNP films. Both curves show two main weight losses, the first occurs up to 100 °C due to the water desorption and the second one appears in the temperature range between 220-350 °C, which was assigned to the decomposition of the organic moiety of the silsesquioxane. 66 These results confirm the thermal stability of the AgNP film, at least, after thermal treatment up to 200 ºC, in accordance to TEM, UV-Vis, AFM and ellipsometry analysis presented above. Therefore, this material presents the necessary characteristics to be used in systems that require sterilization like food package or hospital instruments.
Considering that the AgNP aqueous dispersion showed excellent antibacterial activity against S. aureus allied to low cytotoxicity, 56 it was evaluated the possibility of using the AgNP films as bactericidal coatings, the films were tested against S. aureus, which is a very common bacterium responsible for hospital infections. On the Table  1 , it is shown the bactericidal activity of the AgNP film at room temperature, followed by dry sterilization cycles at 170 ºC for 1 h. It is possible to observe that the blank film presents bactericidal activity similar to that of the AgNP film, before the sterilization cycles. This activity was assigned to the quaternary ammonium groups of the ionic silsesquioxane. However, the sterilization process leads to a drastic decrease in this activity after the second sterilization cycle. This decrease can be ascribed to a partial decomposition of the ammonium groups due to the continuous heat treatment for 1 h. Simultaneously occurred the network crosslinking forming siloxane bonds, which maintain the bulk and the thickness of the film. On the other hand, the AgNP film presents an excellent performance even after the third cycle of sterilization, showing that the silver nanoparticles maintain their bactericidal properties. The Figure 8 illustrates the bacterium growing for one sample of the series after the sterilization 1, using the FAC method, which was appropriate for this estimation in the present case.
Conclusions
Thin films containing silver nanoparticles with diameter lower than 10 nm were deposited on flat glass substrate. The films were prepared by using an ionic silsesquioxane as metal nanoparticles stabilizer and crosslinking agent. The films were thermally stable up to 200 ºC, keeping their weight and thickness near to 45 nm for all temperatures of treatment. From UV-Vis and TEM, it was observed that the silver nanoparticles are very close to one another, with spherical shape and uniformly dispersed in the films. They present an increase in the size with the increasing temperature treatment, from 2.4 nm at room temperature to 6.7 nm at 200 ºC. The AFM confirmed the metal nanoparticle size increase with the temperature elevation, and showed that they are on the surface of the film. The films showed an excellent activity against S. aureus bacterium, even after three sterilization cycles at 170 ºC, making them promising to be applied in systems that require sterilization.
